1. Introduction
===============

Chronic obstructive pulmonary disease (COPD) is characterized by progressive airflow obstruction, airway inflammation, and systemic effects or comorbidities and affects approximately 10% of the worldwide population.^\[[@R1]\]^ COPD is predicted to be the third-leading cause of death worldwide by 2030.^\[[@R2]\]^ With the spread of air pollution, COPD has become one of the heaviest economic burdens associated with hospitalization, work absence, and disability.^\[[@R3],[@R4]\]^ There is compelling evidence supporting the hypothesis that COPD results from complex interactions between genetic factors and environmental exposure.^\[[@R5]--[@R7]\]^ Genetic susceptibility is characterized by familial clustering; COPD risk in subjects with COPD family history is approximately 2 to 3 times higher than subjects from the general population.^\[[@R8]\]^ Likewise, cigarette smoking is well recognized as a major environmental trigger and risk factor of COPD. In fact, cigarette smokers make up over 90% of COPD patients.^\[[@R9]\]^ However, only approximately 20% of smokers are predisposed to the development of COPD,^\[[@R10]\]^ for which the underlying factors remain unclear. Genetic backgrounds are likely involved.

Genome-wide association studies (GWASs) have been an important tool in identifying susceptible genes and loci for complex diseases. Since 2009, several loci have been identified to be associated with COPD.^\[[@R11]\]^ One of these loci is hedgehog interacting protein (*HHIP*).^\[[@R12]\]^ HHIP is an inhibitory protein for sonic hedgehog (SHH), which is crucial for the development of the lungs and other organs. Several single nucleotide polymorphisms (SNPs) in this gene have been demonstrated to be significantly associated with COPD risk.^\[[@R12]--[@R14]\]^ Several replication studies have confirmed these associations.^\[[@R15],[@R16]\]^ However, most of these studies are cross-sectional studies or prospective studies with short follow-up periods. None of these reports analyzed the synergistic effects of cigarette smoking and gene susceptibility on COPD development and lung function decline. In our present study, we genotyped 3 SNPs in *HHIP* to expose the association between *HHIP* and COPD. Moreover, we also analyzed the combined effects of HHIP and cigarette smoking on COPD risks and lung function decline.

2. Methods
==========

2.1. Study subjects
-------------------

A total of 306 COPD patients and 743 age- and gender-matched healthy subjects were recruited in our study. All subjects were recruited from 15 villages in Haokou, Qianjiang, Hubei, China. The recruitment process and screening criteria have been described in detail in our previous study.^\[[@R17]\]^ Briefly, we screened over 25,000 subjects to identify high-risk subjects and COPD patients. Of the screened subjects, 16,511 were over 15 years old and were selected for subsequent analyses. Among them, 3532 subjects had chronic cough for over 2 years or smoking history above 20 pack-years. These subjects were believed to be at risk of suffering from COPD. Pulmonary function tests were performed on these 3532 subjects. Of these patients, 306 subjects were diagnosed with COPD and were selected for the present study. An additional 743 age- and gender-matched healthy subjects were recruited as controls. The detailed inclusion criteria have been reported previously.^\[[@R18]\]^ All subjects were followed-up for a period of 8 years. Afterward, the subjects were divided into 2 cohorts based on those who had quit smoking or not. During the follow up, 155 COPD patients and 307 controls quit smoking and were divided in the nonsmoking cohort. Meanwhile, 193 COPD patients and 379 controls remained smoking and were divided into the smoking group. All subjects were followed-up for another period of 10 years with lung function observations every 5 years.

The study was approved by the institutional ethics committees of Tongji Hospital. Written informed consent was obtained from all participants.

2.2. SNP selection and genotyping
---------------------------------

Three SNPs (rs7654947 and rs11100865 in the *HHIP* gene and rs12504628 near the *HHIP* gene) were selected for genotyping. The protocols for genomic DNA extraction and detection of genetic polymorphisms have been previously described.^\[[@R17]\]^ Briefly, genomic DNA was extracted from 200 μL of peripheral venous blood by using a Blood Genomic DNA Purification Kit (Tiangen Biotech, Beijing, China) according to the manufacturer protocol. A TaqMan Genotyping system (Applied Biosystems, Foster City, CA) was used to genotype all participants for the selected SNPs. A GeneAmp PCR System 9700 (Applied Biosystems) was used for polymerase chain reactions. TaqMan Genotype software version 1.2 (Applied Biosystems) was used to analyze the reaction results. DNA samples of patients and controls were run in the same batches. To ensure intraplate and interplate genotype quality control, up to 10% of all genotypes were repeated to check for consistency.

2.3. Statistical analyses
-------------------------

The data were analyzed using SPSS 19.0 (SPSS Inc., Chicago, IL). For comparisons of baseline characteristics of participants, qualitative variables were tested using chi-squared tests. Continuous variables were expressed as the mean ± standard deviation and were compared by *t* test or 1-way analysis of variance. The distributions of genotypes were analyzed for deviations from the Hardy--Weinberg equilibrium (*HWE*) using chi-squared tests. Logistic regressions were used to test for genetic associations with and without adjusting for gender, age, body mass index, and smoking status. Haploview software version 4.0 (Daly Lab at the Broad Institute, Cambridge, MA) was used to assess linkage disequilibrium (LD) between SNPs. The figures were constructed with GraphPad Prism 5.01 software (GraphPad Software Inc., La Jolla, CA). All tests were 2-sided, and *P* values \<.05 were considered statistically significant.

3. Results
==========

3.1. General characteristics of study population
------------------------------------------------

The general characteristics of the patients and controls have been reported in our previous study.^\[[@R17]\]^ In brief, 306 COPD patients and 743 age- and gender-matched healthy subjects were recruited in 1992. All selected subjects had chronic cough over 2 years or smoking history above 20 pack-years. The average age was 50.81 in the patients and 49.19 in the controls, and the male percentage in the patients and controls were 93.5% and 92.1%, respectively. No significant differences were observed among these characteristics. The main characteristics of the selected subjects are shown in Table [1](#T1){ref-type="table"}. By 2000, 348 COPD patients and 686 healthy subjects remained in our analysis. Among them, 155 patients and 307 control subjects had quit smoking. Meanwhile, 193 COPD patients and 379 controls continued smoking. We followed these subjects for another period of 10 years with lung function observations every 5 years. No significant differences were observed between the separated cohorts about these characteristics. After the additional 10 years, 21 control subjects developed COPD in the ex-smoking groups, and 40 control subjects developed COPD in the smoking groups, as shown in Table [2](#T2){ref-type="table"}.
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Characteristics of subjects in different smoking status groups.
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3.2. Effects of cigarette smoking on lung function decline
----------------------------------------------------------

The overall forced expiratory volume in 1 s (FEV~1~) ratio decreased by 35.06%. As shown in Figure [1](#F1){ref-type="fig"}A, the FEV~1~ declined both in the COPD patients and in the healthy controls during the follow-up period. When compared with the control subjects, the FEV~1~ ratio in the COPD patients decreased more significantly (41.45% vs. 31.90%, *P* \< .05). As shown in Figure [1](#F1){ref-type="fig"}B, both in the ex-smoking cohorts and the smoking cohorts, the FEV~1~ ratio in the COPD patients decreased more significantly than in the control patients. As shown in Figure [1](#F1){ref-type="fig"}C, when compared with the ex-smoking cohorts, the FEV~1~ ratio in the smoking cohorts declined more significantly.

![The FEV~1~ decline in different groups during the follow-up. (A) FEV~1~ decline both in COPD and controls. (B) FEV~1~ decline in quit smoking and smoking groups. (C) FEV~1~ decline in quit smoking and smoking groups. ^∗^*P* \< .01; ^\#^*P* \< .05. COPD  =  chronic obstructive pulmonary disease, FEV~1~  =  forced expiratory volume in 1 s.](medi-96-e7283-g003){#F1}

3.3. Association between polymorphisms and lung function decline
----------------------------------------------------------------

In our analysis, 3 SNPs were genotyped. The rs7654947 and rs11100865 were located in the intron of the *HHIP* gene, and rs12504628 was located upstream. All SNPs were in accordance with the *HWE* in the patient and control groups (*P* \> .05). No LD was indicated by the Haploview4.0 software for any pair-wise combination or among all 3 SNPs. After adjusting for age, sex, and pack-years smoking, multivariate unconditional logistic regression analyses showed that rs11100865 and rs7654947 were associated with increased risks of COPD in 2010.

Next, we analyzed the influence of the variants on FEV~1~ decline; the results were shown in Figure [2](#F2){ref-type="fig"}. For the rs7654947 SNP, the FEV~1~ in the COPD patients with CC and CT genotypes decreased more significantly than the TT genotype during the follow-up period from 1992 to 2000. The difference remained significant when the COPD patients and healthy controls were combined. For the rs11100865 and rs12504628 SNPs, the FEV~1~ decline in the different genotypes were not significantly different, as shown in Figure [2](#F2){ref-type="fig"}B and C. During the follow-up period from 2000 to 2010, the results of the FEV~1~ decline were consistent with the findings from the first follow-up period from 1992 to 2000, as shown in Figure [2](#F2){ref-type="fig"}D--F. Briefly, during the follow-up period from 2000 to 2010, the FEV~1~ in the CT and CC subjects decreased more significantly when compared with the TT subjects for rs7654947 in both patients and overall. There were no significant differences in the other 2 SNP genotypes on lung function decline.

![The FEV~1~ decline in different genotypes of subjects during the follow-up. (A) FEV~1~ decline in different genotypes of rs7654947 from 1992 to 2000. (B) FEV~1~ decline in different genotypes of rs11100865 from 1992 to 2000. (C) FEV~1~ decline in different genotypes of rs12504628 from 1992 to 2000. (D) FEV~1~ decline in different genotypes of rs7654947 from 2000 to 2010. (E) FEV~1~ decline in different genotypes of rs11100865 from 2000 to 2010. (F) FEV~1~ decline in different genotypes of rs12504628 from 2000 to 2010. ^∗^*P* \< .01; ^\#^*P* \< .05. FEV~1~  =  forced expiratory volume in 1 s.](medi-96-e7283-g004){#F2}

3.4. Cooperative effect of smoking status and gene susceptibility on lung function decline
------------------------------------------------------------------------------------------

To further determine the influence of rs7654947 on lung function under different smoking statuses, we separately analyzed the influence of rs7654947 in the ex-smoking and smoking cohorts. In the ex-smoking cohorts, the FEV~1~ declined more significantly in the CC and CT subjects compared with the TT subjects, as shown in Figure [3](#F3){ref-type="fig"}A. Similar results were observed in the smoking cohorts. When we analyzed the patients and controls separately, the difference remained significant. The FEV~1~ declined more significantly in the CC and CT subjects when compared with the TT subjects, which further indicated that the rs7654947 loci was associated with lung function decline, as shown in Figure [3](#F3){ref-type="fig"}B. Moreover, the FEV~1~ in the CC subjects from the smoking cohorts reduced more markedly than that of the CC subjects from the ex-smoking cohorts in both the COPD patients and overall (case, 35.5% vs. 30.75%; total, 32% vs. 28%).

![The FEV~1~ decline in different genotypes of rs7654947 among different groups during the follow-up. (A) FEV~1~ decline in different genotypes of rs7654947 among quit smoking and smoking groups. (B) FEV~1~ decline in different genotypes of rs7654947 among COPD and smoking groups. ^∗^*P* \< .01; ^\#^*P* \< .05. COPD  =  chronic obstructive pulmonary disease, FEV~1~  =  forced expiratory volume in 1 s.](medi-96-e7283-g005){#F3}

4. Discussion
=============

In this study, we analyzed the influences of smoking status and 3 SNPs on COPD development and lung function decline. We found that rs7654947 and cigarette smoking significantly impacted lung function in both the COPD patients and healthy subjects. For rs7654947, the FEV~1~ of the CC subjects from the smoking cohorts declined more markedly than the ex-smoking cohorts, implying cigarette smoking and the rs7654947 loci likely had co-operative effects on the development of COPD and lung function decline.

HHIP is a member of the HHIP family. The hedgehog (HH) protein families were conserved during evolution. They play important roles in a wide range of human developmental processes, including anteroposterior patterns of limbs and the regulation of left--right asymmetry in embryonic development. HHIP is a highly conserved, vertebrate-specific inhibitor of HH signaling. It interacts with all 3 HH family members, SHH, IHH, and DHH. Three variants (rs1828591,^\[[@R12]\]^ rs13118928,^\[[@R19]\]^ and rs13141641^\[[@R13]\]^) in this gene have been demonstrated to significantly associate with COPD through GWAS.^\[[@R20]\]^ The relationship between rs12504628 and COPD has also been reported in a case--control study.^\[[@R14]\]^ However, whether the variants of *HHIP* and cigarette smoking have cooperative effects on the development of COPD and lung function decline has remained unclear. In this study, we analyzed 3 variants in the *HHIP* gene to further explore their relationship with COPD development and lung function decline. Our longitudinal study demonstrated that the variant rs7654947 had an enormous impact on COPD development and lung function decline. Cigarette smoking is one of the most important causes of morbidity and mortality in the general population and has also been implicated as a significant risk factor for COPD.^\[[@R21]\]^ Hence, we further explored the impact of smoking status on COPD development and lung function decline. After 8 years of follow-up, we divided the selected subjects into 2 cohorts based on whether they had or had not quit smoking. Ten years later, the FEV~1~ declined in both the ex-smoking and smoking cohorts. The smoking cohorts showed a more significant decline when compared with the ex-smoking cohorts. The FEV~1~ of the CC subjects from the smoking cohorts reduced much more markedly than that from the ex-smoking cohorts in both the COPD patients and overall. These results confirmed that cigarette smoking and the rs7654947 loci may have synergistic effects on the development of COPD and lung function decline.

Although we conducted a long-term prospective study over the course of 18 years, several limitations should be noted. First, we only identified 3 SNPs in our study. The incomplete coverage may not provide a full representation of the entire gene and therefore, may not have fully described the contribution of *HHIP*. Future systematic studies with other SNPs in *HHIP* are warranted to evaluate the role of this gene in COPD development and lung function decline. Second, the number of subjects examined in this study was relatively small and partly weakened our statistical power. So further analyses with larger subject numbers to verify these results might be needed. Third, some of the patients in the control population may develop COPD in the future beyond the follow-up term of this study. Meantime, 14 control subjects suffered from cancer or died with unknown causes during the follow up. So these loss to follow-up might influence our results.

5. Conclusion
=============

Our results showed that the rs7654947 variant of *HHIP* was associated with COPD development and lung function decline. Moreover, our study also demonstrated that both gene susceptibility and cigarette smoking were involved in the development of COPD and lung function decline. More importantly, our results also suggested that cigarette smoking and the rs7654947 loci had a combined effect on the development of COPD and lung function decline.
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